Abstract: Cottonseed protein is underutilized due to the presence of pigment gland containing a toxic compound called gossypol. Cotton produces gossypol and related compounds in various tissues to protect itself against microbial, insect, and rodent attacks. Understanding the mechanism of cotton pigment gland formation and regulation of gossypol biosynthesis will greatly facilitate the research efforts in developing a cotton variety with a gossypol free seed and normally glanded foliage. In this study we make use of near-isogenic lines of cotton pigment gland to screen the genes related to gland morphogenesis applying both GeneChip and suppression subtractive hybridization (SSH) methods. We identified 880 differentially expressed genes associated with gland morphogenesis in cotton by comparing transcriptome profiles of cotton from glandless and glanded near-isogenic lines using a GeneChip. Gene ontology (GO) analysis showed that 880 genes were distributed mainly among the following GO categories: cellular process (14.45%), physiological process (14.23%), catalytic activity (9.21%), metabolism (8.99%), and cell parts (5.24%). Molecular pathway analysis revealed that these differentially expressed genes were involved in 58 KEGG pathways. Differentially expressed genes were also identified and isolated using suppression subtractive hybridization (SSH) with the same near-isogenic lines. A total of 147 ESTs were identified whose expression was either up-or down-regulated. Sequencing and BLAST analysis indicated that some of these genes were novel, while others were related to energy metabolism, transcription factors, and biotic responses. 13 genes were found to be differentially expressed both in SSH and GeneChip analysis. The expression pattern of these genes was verified by real-time PCR. The gene expression profiles produced in this study provide useful information on the molecular mechanism and regulation of gland formation and the related process in cotton. Of particular interest for future study are the genes identified by both SSH and GeneChip analysis. The outcomes are helping for our understanding of the development of specialised structures such as trichomes in plant species, from an applied and basic science perspective and promoting the application in molecular breeding.
Introduction
Cotton cultivated mainly for its fiber is one of the most economically important crops in the world. Cotton is grown in more than 80 countries and is a cash crop for > 20 million farmers in developing countries in Asia and Africa, where malnutrition and starvation are rampant (de Onis & Blössner 2003) . Cotton could become one of the largest sources of edible oilseed, after rapeseed and soybean, and could also be a source of relatively highquality protein (Sunilkumar et al. 2006; Bertrand et al. 2005; Gerasimidis et al. 2007 ). However, cottonseed was underutilized as a food or feed source due to the presence of gossypol, a terpenoid aldehyde toxic to nonruminant animals and humans, in the pigment gland of cotton plants (Sang et al. 1980; Shandilya et al. 1982; Weinbauer et al. 1983; Heywood 1988; Du et al. 2004; Stipanovic et al. 2006) .
Gossypol, which is produced in cotton gland, functions as an important deterrent against a wide variety of pests and microbial pathogens Townsend et al. 2005) . In 1959, a glandless cotton plant was discovered by McMichael (McMichael 1959) . Since then, several breeding programs have been launched in 250 Q. Sun et al. an attempt to transfer this glandless trait into commercial cotton varieties to produce gossypol-free cottonseed (McMichael 1960; Miravalle & Hyer 1962; Vaissayre & Hau 1985) . Glandless varieties produced cottonseed free of gossypol or with very low levels of gossypol, such cottonseed can be used to feed monogastric animals and even deemed safe for human consumption (Lusas & Jividen 1987; Alford et al. 1996) . However, the resistance of glandless cotton to pests was greatly reduced due to the absence of gossypol and related terpenoid aldehydes. Consequently, the yield is reduced (Vaissayre & Hau 1985) . In 2001, , a new mutant-derived upland cotton (Gossypium hirsutum) variety that possessed gland with gossypol in its foliage, yet contained low levels of gossypol in its seeds (Zhang et al. 2001) .
Molecular mechanisms for the coordinated gland formation with the gossypol biosynthesis are currently unknown. Martin et al. (2003) proposed a pathway for the biosynthesis of gossypol in which (+)-δ-cadinene plays a key role. No direct biochemical pathways have been identified for the gland formation. Evidences suggest that gland formation can be uncoupled from gossypol biosynthesis (Brubaker 1996; Benedict et al. 2004) . Identifying molecular signals that control the gland and gossypol formation and their coordination could enable breeders to control the gland and gossypol content in cotton using genetic engineering approach. To understand the molecular mechanism for the gland morphogenesis in cotton, we previously performed a genomewide comparative analysis of cottonseed transcriptome of a normally dominant glanded cotton Chuan 2802 and the mutant Xiangmian-18 (glandless seed but normally glanded foliage) vs. normal glandless N5 using a GeneChip array (Affymetrix) and identified the delayed pigment gland formation related genes (Cai et al. 2009; Sun et al. 2010) . The research of morphogenesis of the gland (or trichome) in plant was interesting, but the two comparing materials were much different, the ideal approach is to utilize the near-isogenic lines of gland (or trichome) of the plant combining the merits of both GeneChip and suppression subtractive hybridization (SSH).
In this study, we make use of near-isogenic lines of cotton pigment gland to screen for genes related to gland morphogenesis, both suppression subtractive hybridization (SSH) and GeneChip analysis were carried out to identify the differentially expressed genes. The genes identified in both approaches were further characterized. The results will help to understand the molecular mechanism of formation of gland in cotton and trichome in plants and promote the application in molecular breeding.
Material and methods
Plant material and isolation of total RNA Seeds of near-isogenic lines 11 (glanded seeds and plants with a recessive gland gene, derived from Zhongmiansuo 41) and 3 (glandless seeds and plants with a dominant gland gene, derived from Sea-island cotton Hai 1) from 10 generations of back-crossing obtained from the Cotton Institute, Chinese Academy of Agricultural Sciences (Anyang, China). Seeds were sterilized in a solution of 70% ethanol and 15% H2O2 then dipped in sterilized water. The sterilized seeds were allowed to germinate on plates containing sterilized filter paper and water (25 • C). New pigment glands formed on radicle in the germinating seeds of line 11 around 50 h after the start of germination (Cai et al. 2003) . The germinating seeds of lines 3 and 11 were collected at the same age, around 45-50 h after the start of germination, just before initiation and during the formation of gland. RNA was extracted using a Plant RNA Kit according to the manufacturer's instructions (Watson Biotech, Shanghai, China). The quantity of RNA was verified by an ultraviolet spectrometer and electrophoresis on a denaturing formaldehyde agarose gel.
First-strand cDNA synthesis A 10-µL reaction mixture containing 4 µL (5 µg) total RNA, 1 µL of 10 pmol/µL Oligo(dT)20 (or 0.5 µL of 10 pmol/µL random primer and 0.5 µL of 10 pmol/µL Oligo[dT]20 for Q-PCR), and 4 µL of RNase-free H2O was incubated at 65
• C for 5 min and immediately placed on ice for at least 1 min. For the first-strand cDNA synthesis, a mixture of 4 µL of 5× RT-PCR buffer, 2 µL of 10 mM dNTPs, 1 µL of RNase inhibitor, and 1 µL of ReverTra Ace was added to the chilled 10 µL reaction mixture prepared above and mixed. The mixture was then incubated at 42
• C for 60 min followed by a 5 min heating at 85
• C to terminate the reaction.
SSH library construction
Near-isogenic cottonseed lines 11 and 3 were used as the tester and driver, respectively. SSH was performed using a PCR-Select cDNA Subtraction Kit (Clontech) according to the manufacturer's instructions. After two rounds of hybridization, a nested PCR was performed to selectively amplify the differentially expressed fragments using Primer 1, 5'-TCGAGCGGCCGCCCGGGCAGGT-3' and Primer 2, 5'-AGCGTGGTCGCGGCCGAGGT-3'. The final products were purified using a QIAquick PCR Purification Kit (Qiagen). The purified cDNAs were inserted into pMD18-T (Takara) and the resulting plasmids were transformed into E. coli DH5α cells. The transformed cells were plated on LB agar plates containing 60 g/mL ampicillin overlaid with 40 µL of 10 mM X-Gal and 4 µL of 50 mg/mL IPTG. After an overnight incubation at 37
• C, white colonies (putative positive clones) were picked and transferred to 1.5-mL tubes containing 500 µL of LB liquid medium (AMP+). Each clone was incubated overnight at 37
• C and DNA from harvested cells were prepared by boiling in water for 5 min and removing cell debris by centrifugation. Insert DNA from each clone was amplified by PCR using primers 1 and 2R provided with the Clontech PCR-Select cDNA Subtraction Kit. Amplified products were purified using a QIAquick PCR Purification Kit (Qiagen) and blotted onto a Hybond-N+ nylon membrane (Amersham). DNA was fixed to the membrane by baking the membrane at 80
• C for 2 h in vacuum. The membranes were then probed with DIG-labeled tester and driver cDNAs as the forward and reverse probes, respectively. Hybridization signals were detected using a DIG-High Prime DNA Labeling and Detection Starter Kit (Roche) according to the manufacturer's instructions. Positive clones were sent to Beijing Sunbiotech Biological Technology Co., Ltd. (Beijing, China) for sequencing. Microarray hybridization experiments Total RNA was used to generate biotinylated cDNA targets for the cotton GeneChip analysis (Affymetrix), which included 23,977 probe sets representing 21,854 cotton transcripts. All procedures were carried out as suggested by the manufacturers. After hybridization, the arrays were washed, stained using a GeneChip fluidics station 450, and scanned on a GeneArray TM scanner 3000. The signals generated were analyzed using Microarray Suite Version 5.0 software. Signals generated using line 3 cDNA targets were used as the baseline to obtain relative signal intensities for line 11. Three biological repeats were performed for each sample.
Microarray and SSH data analysis
Raw data were first normalized and scaled. Only those data points marked with "present" were retained from among the data points labeled as absent/marginal/present. While an "absent" or a "marginal" might indicate that there is no corresponding mRNA is expressed in the sample, "marginal" and "absent" could also indicate problems with the hybridization. The retained raw signals were then analyzed using SAM (Tusher et al. 2001) . Each experiment was normalized to itself, setting the median value of the present measurements as one. Differentially expressed genes were identified using the following criteria of FDR < 10% and fold-change ≥ 4. The identified genes were Blast searched against NCBI sequence database using BlastN and BlastX and their associated pathways were identified by KEGG. The corresponding Gene Ontology (GO) terms was obtained using GO (KEGG and GO analysis and annotation were performed using MAS network servers at http://bioinfo.capitalbio.com/mas3/).
DNA sequences obtained by SSH were assembled as contigs and each unique contig were used to Blast search against NCBI database using BlastN and BlastX. KEGG and GO analysis of the identified genes were also carried as above. The results were compared with the GeneChip analysis results and the common set of genes was identified for further characterization.
Quantitative PCR The quality of GeneChip assay was independently confirmed by Q-PCR using a BIO-RAD iQ5. Q-PCR was performed using SYBR Green reagents and the primer sets listed in Table 1 following a method described by Klok et al. (2002) , with an annealing temperature of 57
• C. First strand cDNA synthesized from total RNA of germinating seeds of lines 11 and 3 were used as templates. The housekeeping genes 18S rRNA and UBQ7 were used as reference genes to normalize expression levels. Relative expression levels were determined by comparing normalized gene expression levels relative to reference genes in both lines. At least three replicates of each sample were tested.
Results

Differentially expressed genes by GeneChip analysis
A total of 7,340 genes were detected with cotton GeneChip hybridization experiments. Further analysis by SAM identified 880 differentially expressed genes, of which 326 were up-regulated and 554 were downregulated in glanded cotton Line 11 compared to glandless cotton Line 3. These genes were blast searched (BlastX and BlastN, e-value ≤ e-10) against NCBI GenBank database and the best hits were downloaded from the GenBank along with annotation data. Among the 880 genes, 600 showed high sequence similarity to known genes in the GenBank database. The quality of the GeneChip assay was verified by Q-PCR of a number of selected genes (Fig. 1) . The expression of CO090980(GEPP gene), CO121415, and DT461850 in cotton line 11 were down-regulated compared to cotton line 3, while DW516167 (GCS gene) was up-regulated in cotton line 11 compared to cotton line 3. DQ122181 did not differ significantly. These genes exhibited the same trends in expression change in GeneChip analysis as in Q-PCR analysis.
Functional classification of the differentially expressed genes from GeneChip GO analysis of the differentially expressed genes assigned 748 GO terms to biological processes (381), cellular components (99), and molecular functions (268). More than 50% of the differentially expressed genes were involved in cellular process (14.45%), physiological process (14.23%), catalytic activity (9.21%), metabolism (8.99%), and cell parts (5.24%) (Fig. 2) .
Molecular pathway analysis showed that 58 KEGG pathways were associated with these differentially expressed genes, including steroid biosynthesis, alphalinolenic acid metabolism, purine metabolism, pyrimidine metabolism, and the citric acid (TCA) cycle (Table 2). Five genes were involved in steroid biosynthesis and purine metabolism, four genes were related to the TCA cycle, and three genes were related to alphalinolenic acid metabolism and pyrimidine metabolism. Most pathways had only one or two associated genes.
Differentially expressed genes from SSH Differentially expressed genes in glanded cotton Line 11 compared to glandless cotton Line 3 were also isolated using SSH. Inserts of subtracted cDNA clones were amplified by PCR and a typical example of the ampli- Fig. 1 . Real-time PCR of selected genes to assess the quality of GeneChip analysis. cDNA from glanded Line 11 and glandless Line 3 were used as templates. fied products for the clones were illustrated in Fig. 3 . Among the clones with amplified PCR products, 985 subtracted cDNA clones had a sequence length greater than 300 bp. These clones were further screened using dot-blot hybridization with glanded Line 11 as well as glandless Line 3 cDNA probes. 147 clones were either up-or down-regulated (Fig. 4) . Differentially expressed genes were also verified by blotting the amplified PCR products on the membrane and hybridizing with either glanded Line 11 or glandless Line 3 cDNA probes in Reverse Northern Blot analysis (Fig. 5) . Obvious differential expressions were observed for some genes, while others had a low or no signal.
Analysis of the differentially expressed genes in SSH
Sequencing of the 147 differentially expressed genes produced 134 ESTs, including 8 redundant clones. 67 up-regulated and 2 down-regulated genes were derived from forward subtraction cDNA library while 52 upregulated and 5 down-regulated genes were derived from reverse subtraction cDNA library with a total of 126 unique genes being identified when the 8 redundant clones were not included. The identities of these genes were assessed by Blast search against NCBI database with BlastX. 35 genes had homologous sequences in NCBI database and their sequence similarity to the corresponding homologous sequences were very high (> 70% identity) (Table 3) . These genes included seedspecific genes from cotton Lines 11 and 3, and were related to several functions, including energy metabolism, transcription factors, RNA metabolism, and biotic responses. Differentially expressed genes identified by both SSH and GeneChip analysis Thirteen differentially expressed genes identified by both the SSH and GeneChip analysis were listed in Table 4 . Eleven of them had homologues sequences in the NCBI database, but two of them had no matches. These differentially expressed genes may be associated with cotton gland morphogenesis or the regulation of gossypol synthesis.
Discussion
The near-isogenic lines of cotton used in this study (Line 11 and 3) were ideal model material for studying differentially expressed genes during gland formation because they have the identical genetic background except for their gland traits. Gland formation and gossypol biosynthesis commences at about 50 h after germination (Cai et al. 2003 (Cai et al. , 2009 , so studying differential expression of gene from the near-isogenic lines at this time point will be ideally suited for the identification of gene likely associated with the molecular regulation of cotton gland formation and gossypol biosynthesis. The present study used a microarray and SSH to screen for differentially expressed genes between cotton nearisogenic Lines 11 and 3. Our microarray analysis identified 880 differentially expressed genes likely related to cotton gland morphogenesis. KEGG pathway analysis of these genes indicated that steroid biosynthesis, purine metabolism, and the TCA cycle are most likely pathways related to cotton pigment gland formation or gossypol biosynthesis. Gossypol in cotton is synthesized via an isoprenoid pathway. Isoprenoid itself is derived either by mevalonate pathway or MEP/DOXP pathway. Sesquiterpene compounds such as gossypol, artemisinin, and steroids are synthesised through the first pathway, while carotene, monoterpenes, and diterpenes are synthesized through the second pathway . Steroid biosynthesis pathway which involved 5 differentially expressed genes was identified as the most likely pathway associated with the gland morphogenesis or gossypol biosynthesis as they had smallest p-value and listed in the top row of Table 2 . These genes may regulate steroid synthesis. Gossypol and steroids are sesquiterpenes that are synthesized from the same precursors, so these genes may also regulate gossypol biosynthesis.
Four differentially expressed genes may be related to the TCA cycle pathway. Direct effect of gossypol on TCA cycle has been reported (Wichmann et al. 1983) , so the change in the expression profile of these 4 genes may be due to gossypol regulation. More genes and pathways we have identified are probably related to gland and gossypol formation, however, because of our current limited knowledge and the complexity of the metabolic network related to gland formation, these genes and pathways cannot currently be linked to each other and their role in gland and gossypol formation await further elucidation.
SSH analysis revealed that glanded cotton Lines 11 and glandless cotton Line 3 had very different gene expression profiles during cotton gland formation. 31 genes were specifically expressed in Line 11 while only 3 genes were specifically expressed in Line 3. This is in accordance with the expectation that biosynthesis of a large number of secondary metabolites is initiated and several regulatory processes are activated when Line 11 seeds initiate gland and gossypol formation.
A number of specifically expressed genes in Line 11 may well represent newly discovered genes associated with gland and gossypol formation. For example, clone 9-G2 had strong homology with WRKY transcription factor 21 and thus was probably involved in the gossypol biosynthesis regulation just like GaWRKY1 ) involved in the regulation of sesquiterpene biosynthesis in cotton. Sesquiterpene synthase have been characterized in cotton, where they catalyze the first committed step in the biosynthesis of phytoalexin gossypol (Yoshikuni et al. 2006; Benedict et al. 2001 ; Chen et al. 1995 Chen et al. , 1996 . The 1-E10 clone sequence is similar to DEAD-box RNA helicase, which plays a role in the resistance of plants to adverse conditions, including salt, drought, and cold (Aiay et al. 2006) . The 3-F9 coding sequence has strong similarity to coleus hydroxy pyruvate reductase involved in rosmarinic acid biosynthesis (Petersen et al. 1997) . The possible involvement of the 3-F9 coding sequence in the gossypol biosynthesis need to be further elucidated. The 9-D10 coding sequence from glandless Line 3 is highly homologous to a pathogenesis-induced protein ). Gland formation is believed to be associated with the expression of a large number of defensive genes. In the absence of such defense genes, the specific expression of 9-D10 in glandless cotton is probably an inherently protective mechanism adopted by the glandless cotton in response to external environmental stimuli. The common set of differentially expressed genes identified both in GeneChip and SSH assays should have less chance of being false positive and may well represent genes associated with gland development and gossypol biosynthesis. Thirteen common genes were identified (Table 4 ). The relationships among these genes are unclear, but the function of these genes can be inferred. Thus, clone 5-G7 had a high sequence similar- ity with WD40 which has been suggested to play a role in cotton gland development. Clone 7-C12 is similar to a NADPH oxidase, and was identical to a clone we have identified in our previous cotton gland formation studies (Cai et al. 2009; Sun et al. 2010) . Whether these genes are all associated with regulating cotton gland formation has not yet to be elucidated. However, only 13 genes were identified by both approaches, which may related to less number SSH clones.
In conclusion, this study characterized gene expression profiles of gland morphogenesis and provided information on the molecular mechanism and regulatory networks of gland formation in cotton. Presently, the cotton genome sequence is unfinished. Therefore, clarifying the molecular mechanism of cotton gland formation and the associated secondary metabolite biosynthesis remains a challenge. Our report serves as a guide to gene function and a basis for future study, and the outcomes are relevant and necessary for our understanding of the development of specialized structures such as trichomes in plant species (Serna & Martin 2006; Yang et al. 2011) , and help for related application in molecular breeding.
